We introduce a new concept called macrocompetition -defined as the mutual 20 suppression of diversity/species richness of competing clades -and investigate evidence for its 21 existence. To this end, we analyzed the distribution of two convergent nectarivorous families, 22
INTRODUCTION
; Hutchinson 1978; Schluter 2000; Ripa et al. 2009 ) and extinction of species 44 (Gause 1934). Competition affects small-scale interactions among species yet also drives larger 45 scale phenomena and lies at the core of processes like competitive speciation (Rosenzweig 1978 ) 46 and incumbent replacement (Rosenzweig and McCord, 1991; Silvestro et al., 2015) . It is most 47 often studied at the local scale, either between individuals within a population mutually 48 suppressing fitness, or between populations mutually suppressing each other's population size. 49
Competition may also operate at higher taxonomic levels. By occupying potential niches 50 space of another, one taxonomic group may limit the species diversification or adaptive radiation 51 of another. In this case, competition suppresses species richness rather than fitness or population 52 size. We propose that competition thus acts on three levels: 53
• Microcompetition operates between individuals and suppresses access to resources 54
• Mesocompetition operates between populations and suppresses population sizes 55
• Macrocompetition operates between higher order taxa and suppresses species richness 56
These three forms of competition should occur on different temporal, spatial and taxonomic 57 scales. Macrocompetition, which suppresses species diversity and the radiation of species within 58 taxonomic groups, must occur over large temporal and spatial scales and at taxonomic levels 59 higher than the species. Because of this link between spatial, temporal, and organizational scales, 60 macrocompetition must be studied at its own appropriate scale (Jablonski, 2008 ). Just as 61 population level mesocompetition is not studied by aggregating individual microcompetitive 62 interactions, macrocompetition cannot be studied through the aggregation of mesocompetitive 63 and microcompetitive interactions. 64 competition. Do diversity patterns of these two families covary positively or negatively? As 112 nocturnal ectotherms, does hawk-moth diversity increase with summer rain and temperatures? 113
As diurnal endotherms, do hummingbirds gain a competitive edge with colder temperature and 114 cool season flowering? Do hawk-moths suffer more from low oxygen and elevation than do 115 hummingbirds? Ultimately, to what extent can large-scale biogeography provide insights and 116 clues into competition and geographical partitioning? 117
MATERIALS AND METHODS 118

Study Families 119
Hawk-moths (Order Lepidoptera, Family Sphingidae) and Hummingbirds (Order 120
Apodiformes, Family Trochilidae) are nectarivores exhibiting morphological convergence. 121
Worldwide, the approximately 953 species of hawk-moths (Kitching, and Cadiou, 2000) are 122 moderate to large sized insects with wingspans that range from 25 to 200 mm (Kitching and 123 Cadiou, 2000) and body weights ranging from 0.1 to 7 g (Janzen 1984 ). Hawk-moths outside of 124 the tribe Smerinthini typically possess enhanced proboscides for nectar feeding and water 125 drinking, allowing a longer lifespan than species which survive on fat reserves during their adult 126 phase of the life cycle (Janzen, 1984) . Locally, they seem to distinguish between visited and 127 unvisited flowers. Over the course of days, they efficiently revisit flowers and patches on a 128 regular basis and, over seasons, exhibit well directed long distance movements and migrations 129 (Janzen, 1984) . Hawk-moths evolved unique flight skills, including the ability to hover and a 130 capacity for quick, long distance flight (Scoble, 1992) . For instance, about half of the hawk-moth 131 species at Santa Rosa National Park in Costa Rica migrate out of the park (Janzen, 1986) . Many 132
North America species disperse across continents, though the consistency and regularity of suchAll 328 hummingbird species reside in the New World (Schumann, 1999). The family 137 includes the smallest known bird species with wing lengths from 29 to ≥ 90 mm (Johnsgard, 138 1997 ) and body masses ranging from 2 to 21 g (Schumann, 1999). Hummingbirds, like hawk-139 moths, possess specialized features for nectar-feeding, including elongated bills and extensible 140 bitubular tongues for reaching and extracting nectar. Large breast muscles (30% of body weight) 141 and specialized wings giving them the ability to hover and fly backwards. Hummingbirds are 142 capable of long distance flight, with 13 of the 15 species of the United States exhibiting some 143 degree of long distance migration (Johnsgard, 1997) . 
Distribution Analysis 163
We determined the species richness of hummingbirds and hawk-moths across the 164 continental USA. Using range maps and text descriptions provided by Johnsgard (1997) and 165 Tuttle (2007), we determined the species richness for the 49 states of the continental USA. We 166 used states as our scale of resolution as finer scale distribution data for hawk-moths does not 167 exist. For our purpose of looking at large-scale biogeographic patterns, coarse but complete data 168 is more important than fine but incomplete data. Our analysis included rare native species but 169 excluded species non-native to the United States. First, we tested for geographic gradients of 170 each Family's diversity by creating a general linear model in which each state's longitude and 171 latitude -based upon the centroid of the state -were independent variables and species richness 172 as the dependent variable. Once confirmed, we investigated environmental variables as potential 173 determinants of the pattern. These climatic, seasonal and elevational variables were selected a 174 priori based on our hypotheses. 175
For each of the 48 contiguous states, we determined mean daily, maximum, and 176 minimum summer and winter temperatures; mean summer and winter precipitation; and average 177 atmospheric pressure. To eliminate potential bias due to total rainfall, we also calculated the -178 difference between mean winter and summer precipitation (winter-summer). We obtainedweather data using the Monthly Station Normals 1971-2000 CLIM 81 from NOAA and 180 averaging across all weather stations within each state. Winter variables were calculated with 181 data from December, January, and February, and summer variables used June, July, and August. 182
Precipitation was used as a proxy for time of flowering: winter/early spring (cool season) vs. 183 summer/early fall (warm season). Since changes in elevation also lead to changes in both 184 temperature and atmospheric pressure, we used the barometric formula (eq. 1) with the annual 185 mean temperature and the mean elevation of the state to determine mean atmospheric pressure 186 (SI Table 1 ). Here, P h is mean atmospheric pressure (in atmospheres), P 0 is atmospheric pressure 187 at sea level, g is the gravitational constant, M is molar mass, T is absolute temperature, R is the 188 universal gas constant, and h is elevation in meters. 189
(1 (Table 3) . 212
RESULTS
213
Fifteen hummingbird species and 101 hawk-moth species inhabit the continental United 214
States. Figures 2a and 2b show the species richness of hawk-moths and hummingbirds, 215 respectively, in the United States, Canada, and Mexico by state, province, territory, and region. 216
Inspection of these graphs reveals that hummingbird species increase from north to south and 217 from east to west (Figure 2b ). Hawk-moth species likewise increase from north to south, but in 218 contrast to hummingbirds, hawk-moth diversity increases from west to east (Figure 2a ). The 219 result of the latitudinal and longitudinal GLM confirm the directional bias seen on the map 220 (Table 1 ). In summary, hummingbird diversity peaks in the Southwestern United States, while 221 hawk-moth richness peaks in the Southeastern United States. 222
We examined the association between environmental variables and the diversities of 223 hawk-moths and hummingbirds with the results shown in Table 2 . Model permutation 1 shows 224 hawk-moth species richness increasing with summer precipitation and summer daily average 225 temperatures, and hummingbird species richness decreasing with winter and summer 226 relationship for hawkmoths now showed an increase with winter daily average temperature and 228 atmospheric pressure and a decrease with precipitation difference, indicating an association with 229 summer rains; hummingbird species richness showed a positive correlation with winter daily 230 average temperature and a negative correlation with atmospheric pressure. The third permutation 231 of tests, which used the minimum and maximum temperatures for hawkmoths and hummingbirds 232 respectively, showed similar correlations for hummingbirds as the second test (but with new 233 coefficients) but that hawk-moths were only significantly correlated with summer daily 234 minimum temperature. In summary, hawk-moth diversity is higher in states with higher 235 summertime precipitation and temperatures, particularly the minimum temperature (consistent 236 with nocturnal activity), and states with overall low elevations. Hummingbird diversity is higher 237 in states with higher wintertime temperatures, particularly the winter highs (consistent with 238 diurnal activity), and states with higher elevation. 239
Additional Species Richness Data: The latitudinal trends in species richness of hawk-240 moths and hummingbirds is pervasive throughout North America, from Canada to Mexico (Fig.  241 2). Only one species of hummingbird is found east of the province of Alberta, Canada, while 242 hawk-moth species richness is greater in eastern than in western Canada. The small eastern 243 province of Prince Edward Island, for instance, has the same number of species as the large 244 western province of British Columbia. The geographical trend is more difficult to see in Mexico, 245 because hawk-moth species richness could only be resolved to 6 regions. Nonetheless, 246 hummingbird species richness in the Yucatan is low compared to close-by and neighboring states 247 to the west. Each state (Yucatan, Campeche, and Quintana Roo) has only 9 species each -10 248 combined -compared with 14 in neighboring Tabasco, 20 in Michoacán, and 26 in Guerrero. Inspecies in the states of Nayarit, Jalisco, Colima, Michoacán, Oaxaca, and Guerrero combined. 251
Species richness of hawk-moths and hummingbirds appears to exhibit a similar reversal 252 in directional dominance in South America as we found in North America. Hummingbird species 253 richness is greater in western than in eastern South America (Johnsgard, 1997 
topography appear to exert opposing effects on the continental distributions of hawk-moths and 260 hummingbirds. Finally, both South Africa and Australia (Fig. 3) show support for hawk-moth 261 species richness increasing longitudinally from west to east, and latitudinally towards the 262 equator. What we do not known is whether these north-south and east-west patterns hold up 263 within the very large Cape and Gauteng Provinces of South Africa and the Western Province of 264
Australia. 265
Additional bird and insect Families of the continental USA: Of the seven additional insect 266
Families two showed no significant latitudinal trends, four showed significantly increasing 267 richness from east to west (opposite hawk-moths), and only one shared the same pattern as the 268 hawk-moths (Table 3 ). The species richness of Libellulidae (largest family of dragonfly) 269 increases from west to east. Of the twelve bird Families, two showed no significant latitudinal 270 patterns, one showed a significant increase in richness from west to east (the Parulidae), and nine 271 exhibit the same pattern as the hummingbirds with more species as one moves westwards.
states of the contiguous USA. All of the other bird families of Yet, given the degree to which hawk-moths and hummingbirds have been ignored as potential 280
shapers of each other's biodiversity and distributions, correlations will shed light on some of our 281 hypotheses and suggest new ones. Secondly, using states of the USA as our unit of replication is 282 geographically crude; they vary in size by more than two orders of magnitude, have diverse and 283 irregular shapes, and adjacent states will have some degree of spatial autocorrelation. A more 284 fine-grained and detailed level of division, such as the county, or the use of GIS data would be 285 preferable, and in many cases possible for hummingbirds. Unfortunately, hawk-moth diversity 286 and distribution data are coarse; and this is the first systematic analysis of hawk-moth species 287 richness. Fine grain data on hawk-moth species' ranges and presence/absence are deficient 288 throughout the world and digital range maps are scarce to non-existent with the range maps from 289 Tuttle (2007) not digitizable. We feel our scale best balances the need for accurate data and 290 diverse sampling units. We have high confidence in state-wide inventories of hawk-moths. 291 Perhaps, intriguing results will inspire more detailed interest and work. Thirdly, due to the 292 irregularities of species boundaries, states, especially those along the border with Mexico, could 293 contain species with well-established populations that occupy just a fraction of the state. While 294 this inflates the numbers of species within the state, any boundary drawing would necessarily 295 rather than create more regular spatial sampling schemes that would amplify uncertainties in the 297 presence/absence of hawk-moth species. 298
Despite these limitations, our results show clearly divergent trends in broad scale 299 geographical patterns of hawk-moths and hummingbirds and are striking and consistent with the 300 hypothesis of intertaxon competition and a phenomenon we call macrocompetition. 301
Environmental correlates of the geographic trends for each of the two taxa further support the 302 potential for geographical partitioning based on elevation, precipitation, and temperature. 303
Though only suggestive, our investigation highlights an important yet understudied interaction at 304 higher levels of taxonomy. The pattern for hummingbirds is well known, but the pattern that 305 emerged for hawk-moths is novel and quite unexpected. 306
Basic Geography 307
The 15 hummingbird species and 101 hawk-moth species in the US exhibit a clear and 308 hummingbird richness is highest in the 1800-2500m range (Schuchmann, 1999) as well asrespiratory system of hummingbirds maximizes the intake of O 2 . Correcting for body size, 343 hummingbirds have the largest heart, fastest heart and breathing rates, and densest erythrocyte 344 concentrations among all bird families (Johnsgard, 1997) . For example, Colibri coruscas 345 increases oxygen consumption by only 6 to 8% when hovering under hypoxic conditions 346 equivalent to an altitude of 6000m (Berger, 1974) . Hummingbirds are better pollinators than 347 insects in the cloudy, windy, and rainy conditions often found at high elevations (Cruden, 1972) . 348
The species richness of hummingbirds at these altitudes may result from their physiological 349 
